In this work we used a combination of different techniques to investigate the adsorption properties of curcumin by zeolite type A for potential use as an anticancer drug carrier. Curcumin is a natural waterinsoluble drug that has attracted great attention in recent years due to its potential anticancer effect in suppressing many types of cancers, while showing a synergistic antitumor effect with other anticancer agents. However, curcumin is poorly soluble in aqueous solutions leading to the application of high drug dosage in oral formulations. Zeolites, inorganic crystalline aluminosilicates with porous structure on the nano-and micro-scale and high internal surface area, can be useful as pharmaceutical carrier systems to encapsulate drugs with intrinsic low aqueous solubility and improve their dissolution. Here, we explore the use of zeolite type A for encapsulation of curcumin, and we investigate its surface properties and morphology, before and after loading of the anticancer agent, using scanning electron microscopy (SEM), powder X-ray diffraction (XRD), differential scanning calorimetry (DSC), and UV-vis spectroscopy. Results are used to assess the loading efficiency of zeolite type A towards curcumin and its structural stability after loading.
Introduction
The interaction of pharmaceutical molecules with inorganic materials has been receiving considerable attention in recent years due to the increasing applications of such materials in drug delivery, particularly for targeted treatments of cancer [1, 2] . In cancer therapy, the safe and efficient delivery of chemotherapeutic drugs with low permeability and poor solubility in aqueous media is still a challenging task, which can be overcome through the use of drug-specific delivery systems. According to the World Health Organization (WHO), 8.2 million deaths in 2012 were linked to cancer, which is well-known as one of the diseases with highest mortality worldwide [3] .
Conventional cancer treatment with chemotherapy has shown several limitations over the years, including insufficient drug concentrations, high cytotoxicity, and problems of multidrug resistance, namely the ability of cancer cells to become simultaneously resistant to different drugs. Drug delivery systems have shown a higher efficiency in comparison with traditional drug treatments, but some challenges and limitation still remain. In order to overcome these problems, the development of novel drug delivery systems, such as those based on inorganic molecular carriers, would be highly beneficial. Among all the available inorganic drug carriers, numerous studies have investigated zeolite structures due to their unique properties, such as high adsorption capacity and specific surface area, water solubility, as well as good biocompatibility and stability in biological environments [4] [5] [6] .
Zeolites are inorganic crystalline aluminosilicates with a porous structure on the micro-and nanoscale and high internal surface area, and they are well known as adsorbents, molecular sieves and ion exchange materials in many applications [7, 8] . In the medical and pharmaceutical fields, zeolites have recently emerged as promising materials due to their bioactive properties and good stability in biological environments [9, 10] . Many zeolites occur in nature as aluminosilicate minerals and more than 200 synthetic zeolites can be prepared in the laboratory [11] . Each zeolite framework has a unique structure, which is generally made of silicon, aluminum and oxygen atoms. The building blocks are arranged in a periodic way by connections among [SiO 4 ] 4− and [AlO 4 ] 5− units to form channels and cages, which endow the material with its characteristic microporous structure [12, 13] . The pores (α cage) of the zeolites are open, leading to the diffusion of molecules from the exterior to the interior of the zeolite particles. The structure of zeolite A (Linde type A) is characterized by small pores, as shown in Fig. 1 , with each pore defined by an eightmember oxygen ring, which makes a larger cavity connecting eight sodalite cages on the edges of a cubic structure [14] .
The unique combination of zeolite properties has resulted into different medical applications of zeolites, for example for the encapsulation and delivery of drugs with anticancer, antibiotics and antimicrobial properties [15] . In drug delivery, the zeolitic structures loaded with drugs could be administrated to a patient for health treatments, such as cancer therapy, without loss of the individual pharmacological effect of the products. In addition, zeolites can bind and encapsulate drugs with low aqueous solubility, thus increasing significantly their bioavailability in the physiological environment [16] . Regarding potential toxicity, it has been demonstrated that zeolite toxicity strongly depends on the size, shape and composition of the particles. Micro-sized zeolites characterized by FAU, LTA and LTL structures exhibit low levels of cytotoxicity even at high concentrations in cell culture medium. On the other hand, nano-sized zeolites show different Fig. 1 : Zeolite Linde type A (LTA) framework with the α cage as the unit cell in the middle (black square). Red: oxygen atoms; blue: Si/Al atoms [14] . cytotoxicities, and both alumina component and crystal shape have significant influence on their toxicity [17] . For example, pure silica nanozeolite with spherical morphology is nontoxic, but alumina-containing nanozeolites ZSM-5, LTL and LTA are toxic. This has been linked to the presence of surface acidic sites, which can catalyze chemical reactions of cell membranes and induce the necrosis of cells. In addition, surface charge plays an important role on nanoparticle toxicity: positive-charged surfaces are more toxic than negative-charged ones due to the strong affinity of cationic surface to negatively charged cell membrane [18] .
Curcumin, the active ingredient of turmeric (Curcuma longa) plant, is a water-insoluble natural compound that has attracted great attention in recent years in biomedical science. Curcumin is a low-molecularweight phenolic compound with a wide range of pharmacological actions and biological activities, including anti-cancer [19] , anti-microbial, anti-inflammatory, and with low or no intrinsic toxicity for promising clinical applications [20, 21] . However, the limited solubility and rapid elimination of curcumin lead to poor bioavailability after oral usage or topical administration [22, 23] . As a consequence, curcumin needs to be applied in very high dosage in oral formulations. The use of a zeolite carrier for curcumin has the potential to render the drug dispersible and increase its bioavailability.
In our work, we analyse the ability of synthetic zeolite 5A, a Ca 2+ exchanged form of zeolite LTA ( Fig. 1 ), to load the bioactive compound curcumin, which is well-known for its therapeutic effects. Zeolite 5A has an effective pore opening of about 5 Å and Ca 2+ ion as a coordinating cation in its structure, leading to a more uniform and stable drug delivery system.
The aim of this research was to determine the ability of synthetic zeolites with type A structure for loading curcumin by diffusion in liquid phase and adsorption on the surface or in the voids of the zeolite porous framework (Fig. 2) . The effect of the curcumin concentration on the zeolite loading capacity was studied. The structural properties and morphology of the zeolite carrier, before and after curcumin loading, were investigated using scanning electron microscopy (SEM), powder X-ray diffraction (XRD), and differential scanning calorimetry (DSC). The encapsulation and adsorption of curcumin on the zeolites surface were analyzed as a function of concentration using UV-vis spectroscopy.
Experimental section

Materials and sample preparation
Zeolite 5A, the calcium-exchanged form of zeolite Linde type A, was obtained in bead form from Zeochem AG (Switzerland). According to the manufacturer datasheet, this type of zeolite has a nominal pore diameter of 5 Å. The beads were converted to powder before use by grinding in a ceramic mortar. The final product was in powder form with particles below 100 μm in size. Curcumin from Curcuma longa (turmeric) (IUPAC name (E,E)-1,7-bis(4-Hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione and common name diferuloylmethane) was purchased from Sigma-Aldrich (Schnelldorf, Germany) and used as received. To evaluate the curcumin loading capacity, the zeolite powders were first dehydrated in oven at 120 °C overnight to eliminate any water inside the pores that would interfere with the adsorption process, and then incubated with the curcumin solution for 48 h. For each experiment, 500 mg of zeolite 5A were added to a solution (20 mL) made by dissolving curcumin at different concentrations (0.0125, 0.025, 0.05 mol/L) in acetone. The mixtures were stirred at room temperature for 48 h. During this time the original white color of the zeolite powder changed to yellow, indicating that curcumin was incorporated with the zeolite structure. After curcumin loading, the mixtures were filtered and the yellow solid was dried in oven at 50 °C for 12 h to remove residual solvent.
Characterization methods
UV-visible spectroscopy
UV-vis measurements were performed using a Shimadzu UV-2700 spectrophotometer in the range 400-500 nm (curcumin absorption peak λ max = 419 nm). Curcumin solutions were diluted with pure acetone and measured in quartz cells with 1 cm path-length. The zeolite loading capacity was determined by comparing the concentration of curcumin in the original incubation solution with the concentration of the supernatant after sedimentation of the loaded zeolites. Curcumin concentration in the supernatant was quantified through a calibration curve obtained from solutions of known concentration. From the calibration curve, the molar extinction coefficient of curcumin in acetone was determined to be 78 297 M −1 cm −1 at 419 nm.
X-ray diffraction (XRD)
X-ray diffraction patterns for the empty and curcumin-loaded zeolites were obtained with a Bruker D8 ADVANCE diffractometer (Bruker-AXS, Karlsruhe, Germany). All samples were analyzed in powder form. Diffraction data were collected in the 2θ range from 5° to 140° with counting time of 2 s, corresponding to an acquisition time of ~3.5 h per pattern. Rietveld refinement analysis of the XRD data was carried out to characterize the crystalline phases in terms of composition and crystallite size.
Scanning electron microscopy (SEM)
SEM analysis was carried out to investigate the microstructure and morphology of the empty and curcuminloaded zeolites. In addition, quantitative elemental composition maps of the samples were acquired with an energy-dispersive X-ray (EDX) spectrometer. A Zeiss Auriga 405 field-emission microscope (FE-SEM) (Carl Zeiss, Oberkochen, Germany) equipped with a Quantax EDX detector (Bruker Nano, NJ, USA) was used for the investigation. Zeolite 5A and curcumin-loaded zeolite samples were analyzed without further sample preparation. Each sample was fixed on steel stub using carbon tape. Samples were analyzed at low accelerating voltage (2 kV) and with different magnifications to achieve high-resolution visualization.
Fourier-transform IR spectroscopy
Characterization of the functional groups was carried out with a Spectrum One FTIR spectrometer (Perkin-Elmer, Waltham, MA, USA) equipped with an attenuated total reflectance (ATR) element (ZnSe crystal).
Samples were analyzed at room temperature in the wavenumber range 4000-650 cm −1 by averaging 40 scans at a resolution of 4 cm −1 . All samples spectra were corrected against the background spectrum of air taken at the same instrumental conditions. FTIR spectra were processed using the Perkin-Elmer Spectrum software.
Differential scanning calorimetry (DSC)
The thermal properties of the zeolite samples were studied using a Perkin-Elmer Pyris 1 DSC instrument (Perkin-Elmer, Waltham, MA, USA). Samples (~5 mg) were sealed in aluminum pans and measured in the temperature range from 25 °C to 300 °C with a heating rate of 10 °C/min under nitrogen flow. Several samples (between three and four) were analyzed for each type of empty and curcumin-loaded zeolites to ensure reproducibility of results. An empty aluminum pan was used as the reference cell. Data were corrected by subtracting a baseline measured with an empty pan at the same conditions and were normalized by the sample weight. The Perkin-Elmer Thermal Analysis Software provided with the instrument was used for the peak analysis.
Results and discussion
In the present study, curcumin, a natural drug known for its anticancer properties, was selected for the investigation of zeolite 5A structure to act as a drug carrier. In a first set of experiments, the zeolite carrier capacity was tested by analyzing the adsorption of curcumin from liquid solutions within the framework of the zeolite. This approach was dependent on the diffusion of the drug in an environment that mediated its exposure to the zeolite framework.
To determine the loading efficiency (LE%), zeolites were incubated with solutions of different curcumin concentration (0.0125, 0.025, 0.05 mol/L in acetone) for 48 h. The maximum concentration of curcumin was selected based on the maximum loading capacity obtained for similar zeolites (2:1 mass ratio of drug to carrier) previously reported in the literature [24] . After the loading was completed, the supernatant solutions with residual drug were separated by sedimentation and analyzed by UV-vis spectroscopy [25, 26] . In the UV-vis spectra (Fig. 3) , the presence of residual drug was evidenced by the appearance of an intense band occurring in the same position of the curcumin band in acetone (λ max = 419 nm). The drug loading efficiency where C 0 is the concentration of curcumin in the initial incubation solution and C sur is the curcumin concentration in the supernatant at the end of the loading procedure. Results from the residual concentration analysis showed that the adsorption of curcumin in the zeolite, and so its loading efficiency, increased upon increasing the initial concentration of curcumin. This effect has been previously observed for other zeolitic frameworks [28] , and it is generally explained by the more favorable adsorption of drug molecules on similar molecules that are already immobilized on the zeolite surface. In particular, in our study the maximum loading efficiency for zeolite 5A was obtained when using 0.05 mol/L of curcumin in the incubation solution. Preservation of the zeolite 5A structure while acting as drug carrier for curcumin was monitored by powder X-ray diffraction (XRD). The XRD patterns of the empty and curcumin-loaded zeolites were recorded at 2θ values between 5° and 140° and they are shown in Fig. 4 . A Rietveld refinement analysis was carried to characterize the crystallite size and phase composition ( Table 1) . From this analysis, the pristine zeolite 5A was determined to be of LTA type with small contaminations by other phases (quartz and calcite) probably formed from the Ca(OH) 2 exchange solution [14] . All investigated curcumin-loaded samples exhibited XRD patterns similar to that of zeolite 5A. No variation was observed in the characteristic zeolite peaks after loading of curcumin, indicating that the framework did not change during the drug loading process. However, the XRD Rietveld refinement data showed a decrease of the crystallite size when increasing the concentration of the loading drug in the zeolite (Table 1 ). This result is an indication of the encapsulation of curcumin in the zeolite structure, and in particular it can be related to the presence of curcumin in the amorphous and disordered phase of the zeolite [29, 30] . In fact, the nominal pore diameter of the zeolite 5A is 5 Å (according to the manufacturer Zeochem), which is too small to allow for the free diffusion of curcumin inside the sieve pores. The approximate length of curcumin, as obtained for different conformational isomers by numerical modeling [31] , is higher than the average zeolite pore size, suggesting that this drug could have some difficulty in diffusing freely inside the zeolite crystalline structure. Furthermore, the density of the silanol groups on the zeolite surface has a definite impact on the drug loading, since the curcumin molecules interact with surface silanol groups via hydrogen bonding, which promotes curcumin immobilization in the zeolite amorphous and disordered phase. Therefore, there might be a large amount of curcumin on the zeolite 5A surface rather than inside the nanopores, especially for high concentrations of curcumin in the incubation solution (see results by SEM with EDX analysis below). Indeed, the presence of curcumin mainly affects the crystallite size, but not the unit cell of the molecular sieve, as indicated by the Rietveld refinement results in Table 1 .
The morphology of the zeolite drug carrier before and after loading of curcumin was studied by SEM analysis (Fig. 5) . No significant changes appear in the zeolite morphology and structure after loading of the drug. The SEM images of zeolite 5A and curcumin-loaded zeolite 5A both showed the typical microporous crystalline aluminosilicate structure with no specific change in the average particle diameter of the samples before and after drug loading. Similar results were obtained in previous works on porous drug carriers, such as halloysite-containing microspheres loaded with aspirin and carbonate microparticles loaded with ibuprofen or nifedipine [32, 33] .
In addition to the imaging, the energy-dispersive X-ray (EDX) analysis was able to detect the presence of carbon deriving from the organic curcumin molecule on the surface of the drug loaded zeolite samples ( Table 2 ). It is noted that upon increasing the concentration of curcumin in the loading solution the carbon content measured on the zeolite surface increases accordingly. This result confirms that the adsorption of curcumin on zeolite 5A increases with the molecule concentration in the initial incubation solution, as it was determined by UV-vis spectroscopy. Moreover, the ratios of Al, Si and O elements confirmed that there is no substantial variation in the composition of the zeolite 5A before and after curcumin loading.
Evidence for the interaction between the curcumin molecules and the zeolite 5A framework was researched using Fourier-transform infrared (FTIR) spectroscopy. As reported in Fig. 6 , for the pure zeolite a b 5A sample, characteristic FTIR bands corresponding to the lattice vibrations were observed at wavenumbers from 1700 to 800 cm −1 . The broad peak at 1013 cm −1 is due to asymmetric stretching vibration of O-Si-O groups, whereas the O-H deformation band appears at 1640 cm −1 [34] [35] [36] . The FTIR spectrum of curcumin in Figs. 6 and 7 shows characteristic bands at 2917, 2849 and 1427 cm −1 , which can be attributed to C-H stretching and to deformation of methyl groups [37] [38] [39] . The two peaks at 1627 and 1502 cm −1 correspond to C=C, C=O, and C-C stretching vibration of the benzene ring, whereas the olefinic C-H bending vibration appears at 1438 cm −1 , and the aromatic C-O stretching vibration at 1274 cm −1 . The bands at 1025 cm −1 and 963 cm −1 can be attributed to C-O stretching and out-of-plane bending of aromatic C-H bonds, respectively [40] [41] [42] . For the curcumin-loaded zeolite, the FTIR spectrum shows bands in the regions 3000-2800 cm −1 with two specific peaks (2917 and 2849 cm −1 ) that are found in the pure curcumin spectrum and not in that of zeolite 5A. Therefore, these peaks can be attributed to the presence of drug on the zeolite. The interaction of curcumin with the zeolite surface was evidenced by the characteristic curcumin peaks that shifted from 1506 to 1512 cm −1 , from 1438 to 1442 cm −1 and from 1274 to 1281 cm −1 as a result of intermolecular hydrogen bonding. In addition, the curcumin bands at 2917 and 2849 cm −1 became wider in the spectra of the zeolite after loading, which also suggests an enhancement of the hydrogen bonding. The zeolite vibrational bands, particularly the main band at 1013 cm −1 , do not shift or broaden due to curcumin loading, indicating that the zeolite framework remains unchanged after loading, as previously found in studies of drug interaction with similar systems [27, 43] . Investigations by differential scanning calorimetry (DSC) of the empty and curcumin-loaded zeolite 5A samples were performed in the temperature range 25-300 °C. The empty zeolite 5A shows no significant thermal event in the investigated temperature range. On the other hand, the thermograms of pure curcumin powder is characterized by the presence of an endothermic peak at 174 °C due to melting, in agreement with previously reported data [44] . The DSC data of the curcumin-loaded zeolites showed peaks that are shifted with respect to that of pure curcumin, which might be an indication of crystallization of curcumin inside the zeolite pores. According to the literature, the effect of drug crystallizing inside the carrier pores can lead to a melting point occurring at lower temperatures compared to the melting of the drug outside the pores [45, 46] . Indeed, as Fig. 8 shows, there is a shift in the melting point of curcumin, which moves to lower temperatures in the loaded samples. In addition, the shape of the melting peak appears different: melting of free curcumin (outside the pores) is observed as a sharp peak, while drug melting in the pores gives a broader one. This is related to the surface chemistry of the zeolite pores and to the specific interaction of the drug with the pore walls. Results from the DSC analysis complement the XRD Rietveld data indicating a possible change in the crystallinity of curcumin after incorporation in the zeolite framework. In fact, by increasing the curcumin concentration in the initial solution, and so in the zeolite carrier, the interaction of curcumin with the pore walls increases leading to a more disordered state of curcumin, which causes a significant reduction of the melting peak at higher curcumin concentration (0.05 mol/L) with respect to the lower concentration (0.0125 and 0.025 mol/L).
Conclusions
Zeolite 5A, the calcium form of zeolite type A, was used to assess its ability for loading the anticancer drug curcumin. This zeolite structure was selected because of the numerous and accessible pores, making it a favorable candidate for enhanced loading of curcumin. Results from our UV-vis investigation showed that the loading efficiency of curcumin in zeolite 5A is increased by increasing the drug concentration of the initial incubation solution. This observation was confirmed by DSC and XRD analyses, which showed the presence of curcumin inside the zeolite pores and confirmed the stronger interaction of zeolite and curcumin at higher loading concentration. The FTIR analysis was able to detect the presence of curcumin in the zeolite structure and to determine the hydrogen bonding mechanism as the preferential interaction between curcumin and the zeolite carrier. Both SEM and XRD studies revealed a stable zeolite structure with preservation of its framework integrity after curcumin loading. These results confirmed the presence of curcumin in the zeolite 5A carrier and support the potential use of this porous material as drug carrier in targeted cancer treatments.
